Understanding the causality between energy consumption, carbon emissions and economic growth is helpful for policymakers to formulate energy, environmental and economic policies. For the first time, based on nonlinear dynamics, this paper employs multispatial convergent cross mapping (CCM) to revisit the energy-carbon-economy causation for China, India and the G7 countries using both aggregate data and per capita data. The findings indicate that there are significant differences between developing countries and developed countries. A bidirectional nexus between energy consumption, carbon emissions and economic growth is found in China and India, but various causal relationships are identified in the G7 countries, including bidirectional, unidirectional and neutral nexus. The results confirm that the decoupling phenomenon is common in most G7 countries. By leveraging a variety of samples and a new approach, this study provides new evidence for policy authorities to formulate country-specific policies to obtain better environmental quality while achieving sustainable economic growth.
Introduction
Revealing the precise causal nexus between energy consumption, carbon emissions and economic growth is crucial and imperative for policy authorities to introduce environmentally friendly and economically efficient energy policies. Since the Industrial Revolution, global warming and climate changes caused by rapidly increasing atmospheric levels of CO 2 and other greenhouse gases (GHGs) have become major concerns worldwide. According to the WMO Greenhouse Gas Bulletin, the rate of increase in atmospheric CO 2 over the past 70 years has been nearly 100 times greater than that at the end of the last ice age, illustrating an abrupt increasing trend that has never occurred before. In 2016, the atmospheric CO 2 research sample. Besides, all nine countries are in the top twenty countries in terms of energy consumption and carbon emissions. Second, based on the nonlinear dynamics perspective, this study extends the CCM approach proposed by Sugihara, May [16] to the field of energy economics. Compared with the Granger causality test, which is commonly used to detect causality between variables, CCM has at least two advantages. First, CCM can be used in nonseparable nonlinear dynamic systems. Nonlinearity is ubiquitous in the real world, and the system composed of energy consumption, carbon emissions and economic growth is no exception [17] . Many studies have considered nonlinearity and have employed the nonlinear Granger causality test (e.g., Hiemstra and Jones [18] ), which is usually applicable to separable systems. However, nonlinear dynamic systems are always nonseparable, which means that the Granger causality test may not be applicable. Second, CCM gets rid of control of the model because it is an equation-free approach rather than a model-driven method, such as the Granger causality test. In a way, the data contain all of the information, but the model cannot reflect the entire real world. Therefore, it is inappropriate to model many natural systems with equations [19] .
To the best of our knowledge, this is one of the first papers that both employs CCM in energy economics and explores the energy-carbon-economy nexus in different types of countries. The remainder of this paper is organized as follows. Section 2 presents the data and their descriptive statistics. Section 3 introduces the econometric methodology, and Section 4 provides the empirical results and discussion. Section 5 concludes the study and provides policy implications.
Literature review
Most previous studies on the energy-carbon-economy nexus have focused on the linkage between economic growth and energy consumption or carbon emissions. However, the wide variety of results does not provide consistent solutions for policymakers to balance the relationship between the economy and the environment.
Four main hypotheses for the link between energy consumption and economic growth have been presented in the literature. The first hypothesis, known as the "growth hypothesis" [7] , claims that there is a unidirectional causal relationship between energy consumption and economic growth. In this case, any limitation on energy consumption will have a negative impact on economic development [20] [21] [22] . The second hypothesis, called the "conservation hypothesis", was first proposed by Kraft and Kraft [4] . In this situation, there is a unidirectional causal relationship between economic growth and energy consumption, which implies that formulating and implementing conservation energy consumption policies will have no significant adverse influence on economic growth [23, 24] . The third hypothesis is the "neutrality hypothesis" [25] , which states that there is no causality between energy consumption and economic growth [5, 26] . The first empirical evidence to support this hypothesis was provided by Akarca and Long [25] and Yu and Hwang [27] . The last hypothesis, known as the "feedback hypothesis", assumes that there is a bidirectional causal nexus between energy consumption and economic growth. Erol and Yu [28] provided the first empirical evidence for this hypothesis in 5 industrialized countries: Canada, France, Italy, Japan and the UK. This hypothesis indicates that economic outputs and energy usage are mutually determined [8, 10, 29] .
The literature about the causality between carbon emissions and economic growth usually builds on the EKC framework. The EKC concept first emerged in the pioneering study conducted by Grossman and Krueger [30] and has since been widely applied in environment economics [31] [32] [33] [34] [35] [36] [37] . According to the EKC hypothesis, environmental degradation will transition from an upward trend to a downward trend once the economic level reaches a certain threshold, which has been validated by several studies [38] [39] [40] . If carbon emissions increase with economic growth [39] [40] [41] [42] , economic development still occurs at the expense of the environment, which means that the government needs to make economic growth more environmentally friendly. Conversely, a decrease in carbon emissions with economic growth [12, 38] indicates that economic growth has reached an inflection point and is following a green development path. In addition to the causation from economic growth to carbon emissions, carbon emissions might also have an impact on economic development [13, 39] , which indicates that the catch point of the economy could be carbon-related production activities.
Besides, with the increase in clean energy and renewable energy consumption, the relationship between energy consumption and carbon emissions has gradually attracted more attention. Several researchers have found that energy consumption has no significant positive effect on carbon emissions [38, 40] , which makes the linkage between energy consumption, carbon emissions and economic growth more complex and confusing.
In fact, the causal nexus between the three factors is a permutation and combination of the relationships between two of the three. The existing literature presents six main relationship loops. In Loop 1, energy consumption has a significant influence on carbon emissions but not on economic growth (see Kraft and Kraft [4] , Alper and Oguz [26] and Rahman and Kashem [6] ), and carbon emissions can be affected by economic growth (see Ang [11] ). Loop 2 is the same as Loop 1 except that energy consumption causes economic growth (see Ang [43] ). In Loop 3, energy consumption affects both carbon emissions and economic growth (see Yu and Choi [7] and Appiah [8] ), and economic growth can also be influenced by carbon emissions (see Soytas, Sari [44] and Shahbaz, Khraief [45] ). Loop 4 is similar to Loop 3, but energy consumption does not cause economic growth (see Menegaki [5] ). In Loop 5, energy consumption has no significant impact on carbon emissions, but carbon emissions are a cause of economic growth (see Cai, Sam [9] ). Loop 6 is the same as Loop 5 but has a reverse relationship between carbon emissions and economic growth.
Data and methodology

Data and its description
Two datasets, aggregate data and per capita data, are used in this study to provide comprehensive results about the causation issue. Both datasets are commonly employed in energy economics research [8, 12, 46] . In the same countries, although the aggregate data have similar trends as the per capita data for all three indexes, the relative levels are significantly different. Fig 1 illustrates these differences. Thus, the causality cannot be investigated using only one dataset.
The annual aggregate data for the nine countries except Germany cover the period 1965-2017, and 1970 is considered the beginning of the economic growth in Germany. Energy consumption (EC) and carbon emissions (CE) are represented in million tons of oil equivalent and million tons of CO 2 , respectively, and are obtained from the BP Statistical Review of World Energy (available at: http://www.bp.com/). Real GDP in constant 2010 prices is acquired from the World Development Indicators (WDI) database and is chosen as a proxy for economic growth (EG). In addition, the total population series from the WDI database are used to transform the three variables into per capita units. Specifically, per capita energy consumption (kg of oil equivalent) and per capita carbon emissions (kg) are denoted as ec and ce, respectively. Economic growth is represented by per capita real GDP in US dollars. Table 1 shows the descriptive statistics for the first dataset. For the EC series, all G7 countries clearly have negative skewnesses. Except for China, India, Germany and Italy, none of the countries have a normal distribution based on the Jarque-Bera statistic. Moreover, only Italy and Germany have kurtosis values larger than 3; the kurtosis is equal to 3 if a series has a normal distribution. Second, for carbon emissions, China, India and France have positive skewnesses, and the kurtosis values for Italy, Japan and the UK are greater than 3. In addition, Canada, Germany, the UK and the US are not normally distributed. Finally, the EG series are negatively skewed only for France, Germany, Italy and Japan. The kurtosis values are generally below 3 for the G7 countries but are greater than 3 for China and India. Moreover, according to the Jarque-Bera test, none of nine countries except for China and India have a normal distribution at the 5% significance level. Table 2 lists the summary descriptive statistics for the second dataset.
Convergent cross mapping
Basic theorem of CCM. CCM was introduced based on the state space reconstruction (SSR) technique, which is an advanced nonparametric technique developed by Sugihara, May [47] . Since the embedding theory was introduced by Takens [48] , the SSR technique has become a favorable framework for developing nonlinear methods to detect the interactions between nonlinear time series. Based on the simplex projection proposed by Sugihara and May [49] , CCM has been developed and applied to nonlinear dynamic systems to investigate the correspondence between two variables by using time-delayed embedding to reconstruct two shadow manifolds of X and Y.
If two variables Y and X are dynamically coupled, then they share a collaborative attractor manifold M, which is a d-dimensional manifold in an E-dimensional state space (d � E), and X and Y can be used to reconstruct their own shadow attractor manifolds M X and M Y . Accordingly, CCM is employed to evaluate the causality between X and Y by determining how precisely the attractor manifold M X corresponds to M Y . Essential concept of CCM. For observations, the response process is better than the forcing process, which is the essential concept of CCM. Specifically, in dynamic systems, the response process contains information about the forcing process, but the forcing process is likely not the dominant predictor of the response process. Videlicet, CCM and its derivative approaches explore reasonable methods to evaluate the causal interactions between X and Y by using the historical record of Y values to estimate the states of X variables. To determine whether X causally influences Y, the idea of CCM is to confirm whether it is accurate to leverage the attractor manifold M Y , built from lagged coordinates of time series Y, to identify nearby points of M X constructed from the X variable. If it is, then the Y series can be used to estimate X, and vice versa.
An algorithm for CCM. 
where t = 1 + (E − 1)τ to t = L, E represents the embedding dimension, which describes the size of the time window, and the time lag τ is positive. From the first lagged coordinate X(t) to the last, X(t − (E − 1)τ), there are E-dimensional points. According to the results of Sugihara and May [49] , the smallest bounding simplex is formed from the E + 1 closest neighbors, such that the simplex can contain E-dimensional points. Thus, there is an essential numerical limit on the potential embedding dimension E. If there are n observations, then E�n-1, as the analysis requires n − 1 observations to describe the historical dynamics and at least one observation to evaluate the estimated values [50] .
Since My is diffeomorphic from Mx, the time indexes corresponding to the nearest neighbors to xðtÞ on M X can be used to estimate Y(t) by creating a cross mapping of Y(t) from a locally weighted mean of E + 1 Y(ti) values. The cross-mapped estimation of Y(t) is denoted bŷ Y ðtÞjM X , which represents using M X to estimate Y(t) to detect the causal relationship from Y!X, and the cross mapping from Y to X is defined analogously. In particular,Ŷ ðtÞjM X can be calculated as follows:Ŷ
where w i is the weighting calculated by the distance between x and its i th neighbor on M X , and
are the values of Y; the formula for the weighting is as follows:
where
where d½xðsÞ; xðtÞ� indicates the Euclidean distance between two vectors. Based on the cross mapping, a library consisting of L points from M X can be used to provide estimates of L points for the original time series Y. Then, the Pearson correlation coefficient r YŶ t , which represents the ability of the L cross-mapped estimates from X to describe the L true value from Y, can be calculated. Specifically, the CCM correlation is determined as follows:
Given that the response process contains information about the forcing process, the Pearson correlation coefficient r YŶ t is an indicator for asserting the intensity of the effect from Y to X. Thus, if Y has a causal impact on X, thenŶ ðtÞjM X will converge to Y(t), andXðtÞjM Y should converge to X(t); that is, the CCM correlation should increase to L until infinity. In reality, the forecast skill of the cross-map estimates from X to Y can only reach a plateau.
Two improvements of multispatial CCM. Although CCM provides a relatively good methodology by using a simplex projection, it still requires a relatively long time series. Accordingly, the first extension performed by multispatial CCM is to mend the simplex projection. Because spatially replicated data involve temporal information and replication seems plausible to compensate for the sententiousness of time series [51] , Clark, Ye [50] proposed multispatial CCM as a novel approach. By combining CCM and the bootstrapping technique [51] , multispatial CCM successfully leverages as few as five observations.
Another extension performed by multispatial CCM involves incorporating iteration into the estimation procedure. Multispatial CCM repeats the CCM algorithm for n samples that are drawn from n spatial replicates. It should be noted that the number of iterations must commonly exceed 100 [50] . By repeating the estimation procedure with sufficient iterations, abundant potential combinations and orders of spatial data can be averaged, and the uncertainty over the predictive power of each test can be estimated more accurately.
Empirical results and discussion
A detailed multispatial CCM example
Multispatial CCM repeatedly implements complete steps for many iterations to demonstrate the significant causal relationship between energy consumption, carbon emissions and economic growth. The procedure can be divided into three steps: choosing an optimal embedding dimension E, checking the nonlinearity of the candidate time series and applying the CCM algorithm. Furthermore, three causations can be summarized from the results identified by CCM: bidirectional, unidirectional and neutral causalities. Because the results for France and Germany embody all three possible scenarios, this study used these two countries as examples to demonstrate the complete CCM procedure. Fig 2 shows the temporal trends of energy consumption, carbon emissions and economic growth for France and Germany.
Determining the embedding dimension. To perform SSR to generate the shadow manifolds, the most important step is to determine an optimal E for each time series, and the best turning parameter E can then be used to form the lagged coordinate vectors for each candidate variable. The relation between the forecast skill of each time series and E can be used to select the best E. Specifically, by employing the univariate simplex projection technique, each candidate effect series can be calculated as a correlation coefficient ρ between the predicted and observed results, which is shown as a function of E for the predictions that are one time step in the future. Moreover, the correlation coefficient can be plotted to intuitively indicate the changes in predictive power with respect to a different embedding dimension E. Therefore, the basic principle of optimizing the parameter E for each time series is to choose one embedding dimension E that corresponds to the most accurate prediction; i.e., the E where the peak ρ is located [49] .
The variations in the coefficient ρ between the predicted and observed results with an increase in the embedding dimension E are illustrated in Fig 3. Clearly, the maximum predictive power occurs when the optimal E equals 2. In addition, the time delay τ is set to 1 based on the average mutual information criterion [52] .
Checking the nonlinearity of the time series. Multispatial CCM can give misleading results when it is employed in a purely linear system in which the nonlinear structure is masked. Therefore, it is necessary to check for the presence of nonlinear structures for each candidate time series using the univariate simplex projection. According to Clark, Ye [50] , in the case of nonlinearity, the forecast skill should decrease with increasing step size, meaning that the prediction is more accurate for short time intervals than for long time intervals. Conversely, if a periodicity exists in the system dynamics that causes the predictive power to form a U-shaped curve, or if noise or cyclic factors exist in the data, leading to a few spikes after the decrease in predictive power, then a result of nonlinearity is inconclusive [50] .
Stern and Enflo [17] confirm the presence of nonlinearity in energy and output, and this result is verified in this study. The solid lines show the means of the predictive power, and the shaded regions represent the mean plus or minus its standard deviation. All three cases of causality are contained in the two nations at the 10% significance level. The causal nexus between energy consumption, carbon emissions and economic growth
Causality between EC, CE and EG for nine countries: Evidence from aggregate data
The CCM results for the nine countries are reported in Table 3 . From the perspective of the causation between EC and CE, the results indicate that six nations have a bidirectional nexus: China, India, Canada, Italy, Japan and the US. Germany and the UK have neutral causalities, while France has a unidirectional causality from CE to EC.
For the causal nexus between EC and EG, the results indicate that two-way causality exists in all of the countries except Germany and the UK, which have unidirectional causal relationships from EC to EG. Clearly, energy is still a key element of economic growth in most of the G7 countries except Germany and the UK. For these two countries, energy consumption can still stimulate economic growth, but the economy can accommodate some development without additional energy consumption; this means that energy is no longer the dominant factor of economic growth.
For the causality between CE and EG, the outcomes in six countries (i.e., China, India, Canada, Germany, Japan and the US) illustrate that the two indexes are jointly determined and mutually influencing, whereas France, Italy and the UK have unidirectional causality from The causal nexus between energy consumption, carbon emissions and economic growth carbon emissions to economic growth, in contrast to the EKC hypothesis. The unidirectional causality from carbon emissions to economic growth for France, Germany and the UK implies that high-emissions economic activities can promote economic growth, but development can be achieved using other decarbonization production activities, which means that economic growth is gradually decoupling from carbon emissions.
A comparison between the developing countries (represented by China and India) and developed countries (represented by the G7 countries) shows intense causal linkages between energy consumption, carbon emissions and economic growth in most of the countries, but there are differences in several of the G7 countries. Specifically, in France, Germany and the UK, these three variables explicitly signal a gradual decoupling. Given that France, Germany, Italy, Spain, and the UK (namely, the EU-5 countries) share a common 20/20/20 objective, this study reasonably speculates that the transformation of the energy structure can be considered a critical reason for the presence of the decoupling phenomenon. The data shown in Fig 8 can be used to analyze this hypothesis. The proportion of primary energy provided by clean energy commonly exceeds 10% for the G7 countries, and it exceeds 30% in France, Germany and the UK.
However, as developing countries, China and India still have lower levels of clean energy (less than 10%). Coincidentally, the four countries with the highest clean energy consumption are those nations in which the decoupling phenomenon is observed. The transmission mechanism from clean energy consumption to other variables can be described as follows. With increasing clean energy consumption, the energy consumption of economic activities is no longer the "sufficient condition" of carbon emissions, causing energy consumption to decouple from carbon emissions. Clean energy consumption still facilitates economic growth with low levels of CO 2 emissions, which explains the presence of a decoupling nexus between economic growth and carbon emissions.
In addition, developed countries have higher energy usage and more advanced production technology and low-carbon technology than developing countries, which might also be a cause of the decoupling phenomenon.
Causality between EC, CE and EG for nine countries: Evidence from per capita data
It is reasonable to address the same question using per capita data, given the different information contained by the two datasets. Table 4 summarizes the results derived from the per capita The causal nexus between energy consumption, carbon emissions and economic growth data. Clearly, China and India still have strong causal linkages between the three variables, but decoupling is found in most of the G7 countries.
The bidirectional causality between the three variables for China and India are the same as the results from the aggregate data. This fact indicates that economic growth in these two countries might come at the cost of carbon emissions and that fossil energy consumption is still considered a key driver. The findings for the G7 countries are slightly different from the results obtained from the aggregate data. Clearly, the decoupling phenomenon becomes more general in the G7 countries. With respect to the nexus between energy consumption and carbon emission, three countries-Italy, Japan and the US-have bidirectional causalities, and France and Germany verify the neutrality hypothesis. Carbon emissions have a causal effect on energy consumption in Canada, but the UK has the opposite relationship. For the causality The causal nexus between energy consumption, carbon emissions and economic growth between energy consumption and economic growth, there are three cases of a bidirectional causal nexus, namely, France, Italy and Japan. Three countries, Canada, Germany, and the US, have unidirectional causalities from energy consumption to economic growth. Furthermore, the UK has a neutral causality, which is considered a completely decoupled relationship. Finally, for the causality between carbon emissions and economic growth, feedback effects are found in France, Germany and the UK. Canada, Italy, and Japan have unidirectional effects from carbon emissions to economic growth, and the US shows causality in the opposite direction.
Conclusions and policy implications
This paper investigates the causal nexus between energy consumption, carbon emissions and economic growth for China, India and the G7 countries using a novel approach, multispatial CCM, that was proposed by Clark, Ye [50] . To comprehensively address this question, this study uses two datasets consisting of aggregate data and per capita data. After determining the optimal E, checking the nonlinearity of the time series and performing the CCM, the results illustrate significant differences between developing countries (i.e., China, India) and developed countries (i.e., the G7 countries). The findings suggest that there are strong causal linkages between these three variables in China and India. However, a decoupling nexus is found in most of the G7 countries. The empirical results are helpful for policymakers in formulating energy, environmental, and economic policies to optimize better living conditions while fostering sustainable economic growth. The bidirectional causal nexus between energy consumption and economic growth in China and India implies that energy consumption not only drives economic growth but also is crucial for the economy. The results indicate that both the Chinese and Indian governments must be cautious in implementing energy conservation policies in the short term because greatly reducing the energy supply will have an adverse impact on economic growth. In addition, the feedback causal nexus between carbon emissions and economic growth suggests that development still comes at the cost of environmental quality, which requires policymakers to seek a green development path quickly. Reductions in energy consumption can be regarded as an important instrument to decrease CO 2 emissions because there is a bidirectional causality between energy consumption and CO 2 emissions. Thus, to achieve sustainable development while reducing carbon emissions, it is necessary for policy authorities in China and India to seek substitute energy sources. The causal nexus between energy consumption, carbon emissions and economic growth A unidirectional causality between the three variables is found in Canada with the per capita data, indicating that energy consumption is a driver of economic growth but not the only driver, and enhancing economic growth might no longer come at the cost of environment. These results imply that formulating energy conservation policies to reduce energy consumption might have a harmful influence on economic growth in Canada, but the impact will not lead to fatal consequences. However, to decrease carbon emissions, Canada needs to find other solutions because a reduction in energy consumption has no causal effect on carbon emissions, which is possibly due to the increasing usage of clean energy. Italy and Japan have bidirectional causalities between energy consumption and economic growth and between energy consumption and carbon emissions as well as a unidirectional causal nexus from carbon emissions to economic growth. The results for Italy and Japan indicate that energy consumption remains a pillar of economic growth but that economic development is becoming more environmentally friendly. Therefore, policymakers in Italy and Japan should enhance environmental governance, adopt energy-efficient technology, increase the demand for clean energy, and seek other green economic policies to stimulate increased output.
The decoupling phenomenon was identified in France and Germany, the two largest consumers of clean energy. In France, there is a bidirectional causality between energy consumption and economic growth regardless of the dataset used. Moreover, a unidirectional nexus from carbon emissions to energy consumption can be found in the aggregate data, but a neutral nexus is found in the per capita data. The findings for France indicate that energy consumption remains a key driver of economic growth but will not increase carbon emissions due to the significant clean energy usage. In addition, it is difficult to determine whether economic growth comes at the cost of the environment given the controversial results derived from the two datasets. Therefore, it is necessary for France to implement a fossil energy conservation policy, enhance the efficiency of energy use, and expand the demand for clean energy to maintain economic growth while decreasing atmospheric pollution. In Germany, there is no difference between the results from the two datasets. A unidirectional causality runs from energy consumption to economic growth, implying that energy conservation policies may not generate a large shock to growth. No causality is found between energy consumption and CO 2 emissions, which suggests that energy consumption is no longer the main cause of air pollution. The feedback causality between CO 2 emissions and economic growth reveals that growth in Germany still comes at the cost of the environment, but the emissions source is not energy consumption. This situation requires policymakers to determine the true cause of carbon emissions and adopt policies of environmental governance and protection.
The results for the UK indicate that energy consumption plays a minor role in stimulating economic growth, supporting the implementation of energy conservation policies. However, economic growth might still come at the cost of carbon emissions, and the usage of energy can result in increased carbon emissions, revealing the demand for environmental governance policies, clean energy and emissions reduction mechanisms. The empirical findings for the US imply that there are unidirectional causalities from energy consumption to economic growth and from economic growth to carbon emissions. In addition, there is a bidirectional causality between energy consumption and carbon emissions. The results indicate that the US might still be following an energy-driven and environment-consuming development path. Therefore, it is urgent for the US to facilitate energy-efficient emissions reduction technologies and to enhance environmental governance efforts when accelerating economic growth.
Supporting information
S1 File. Processed data. (ZIP)
